Stroke is the third most common cause of death in the Western world. The mechanisms of brain damage in the affected areas are largely unknown. Hence, rational treatment strategies are limited. Previous experimental evidence suggested that cerebral lesions were less prominent in CD95 (APO-1/Fas)-deficient (lpr) than in wild-type mice. Additional results strongly suggested that the CD95-ligand (CD95L) was a major cause of neuronal autocrine suicide in the penumbra. These data and the assumption that death-receptor systems might determine stroke-related damage in the brain prompted us to examine these systems in in vitro and in vivo models of ischemia. We showed that hybrids of TNF-deficient and gld mice were strongly resistant towards stroke-induced damage. To determine the mechanism of action of TNF and CD95L, we separately investigated their influence on primary ischemic death and secondary inflammatory injury. Inhibition of both TNF and CD95L in vitro prevented death of primary neurons induced by oxygen-glucose deprivation and reperfusion. The recruitment of inflammatory cells to the ischemic hemisphere was abrogated in the absence of both TNF and CD95L. Significantly, mice injected with a mixture of neutralizing anti-TNF and anti-CD95L antibodies 30 min after induction of stroke showed a marked decrease in both infarct volumes and mortality. Accordingly, the locomotor performance of these animals was not significantly impaired in comparison to shamoperated animals. These data reveal that inhibition of TNF and CD95L blocks stroke-related damage at two levels, the primary ischemic and the secondary inflammatory injury. These results offer new approaches in stroke treatment. Cell Death and Differentiation (2001) 8, 679 ± 686.
Introduction
Stroke is the third most common cause of death in the Western world and the most important single cause of severe disability. 1 Current data show that there is a variable therapeutic window that may exceed 6 ± 8 h. 2 This interval is determined by formation of the ischemic penumbra. Evidence has accumulated that neurons in the ischemic penumbra undergo apoptosis. 3 Thus, neuroprotective strategies towards suppression of apoptosis may alleviate disease severity in stroke patients.
Tumor necrosis factor-receptor-1 (TNFR1, p55, CD120a) and CD95 (APO-1, Fas) are members of the TNF-R superfamily involved in triggering apoptosis. 4 ± 6 Like other death receptors, they show a homologous cytoplasmic sequence crucial for the transduction of the apoptotic signal, the`death domain'. 7 Their natural ligands, CD95-ligand (CD95L) and TNF are structurally related type II transmembrane proteins. Ligation of receptors by trimerized ligands leads to recruitment of the adaptor protein FADD (Fas-associated death domain, MORT1) 8 and caspase-8 into a death inducing signaling complex. 9 Caspase-8 in the DISC is activated through self-cleavage 10 and commits the cell to apoptosis by activation of downstream effector caspases. Activation and cleavage of caspase-3 has been detected in the postischemic brain, 11 but controversy exists with regard to the steps upstream of caspase activation. Following brain ischemia, expression of TNF, CD95L and CD95 is increased in the ischemic penumbra. 12 ± 16 The role of TNF in ischemic brain injury in vivo, however, is controversial. On the one hand, neutralization of endogenous TNF is reported to reduce infarct volume. 17 ± 20 On the other hand, mice lacking TNF-receptor-1 (TNF-R1; also called p55) or both TNF-R1 and TNF-R2 (also called p75) showed enhanced ischemic damage. 21, 22 It is consistent with these data that administration of TNF prior to the ischemic insult significantly reduced infarct size. 23 In contrast, the role of CD95/CD95L in ischemic brain disease seems to be deleterious. lpr mice, lacking functional CD95, exhibited a profound reduction of infarct size. 14 In addition, in microglia, TNF facilitates CD95L-induced apoptosis. 24 Whether these two ligand/receptor systems cooperate or counteract each other in the induction of ischemic damage remains unclear.
In the present study we show that mice deficient for TNF (tnf 7/7 ) or functional CD95L (gld) are protected against brain ischemia. This protection is greatly enhanced in mice lacking both ligand/receptor systems (gld/tnf 7/7 ). Most importantly, treatment of wild-type mice after induction of ischemia with antibodies against TNF and CD95L diminished infarct volumes and significantly improved survival of the animals. Intact functionality of rescued neurons in vivo was demonstrated by an almost normal locomotor performance of the treated animals 3 days after stroke. Thus, simultaneous neutralization of CD95L and TNF may alleviate the consequences of stroke.
Results

CD95L and TNF induce neuronal death
To investigate the role of CD95L and TNF in ischemic brain damage, we took advantage of an in vitro model of oxygenglucose deprivation (OGD). OGD in primary neuronal cultures is a common in vitro model for studying early mechanisms of vascular stroke damage in a system mostly consisting of neurons. 25 Primary cortical neurons were obtained from mice carrying a targeted disruption of the tnf gene (tnf 7/7 ), 26 from mice with mutated CD95L and impaired ability to successfully interact with CD95 (gld), 27 from mice deficient in TNF with mutated CD95L (gld/tnf 7/7 ), and from wild-type mice (wt). Neuronal cultures were then subjected to 6 h OGD and 3, 18 and 24 h reperfusion. Whereas the absence of TNF markedly protected against OGD/reperfusion damage, protection due to the absence of a functional CD95L was less profound (Figure 1a ). For as yet unknown reasons, despite frequent attempts neuronal cells derived from gld/tnf 7/7 mice could not be grown in culture.
Tnf 7/7 and gld mice exhibit normal development and anatomy of the brain. This apparently normal`cerebralphenotype' may be due to compensatory mechanisms, which might non-specifically protect against brain ischemia. To exclude this possibility, wild-type neurons were treated with CD95-Fc or TNF-R2-Fc proteins 15 min prior to induction of OGD. Administration of both CD95-Fc and TNF-R2-Fc had toxic effects for the cultures, as it has also been the experience of other groups. After 6 h of OGD and 18 h reperfusion scavenging of either CD95L or TNF-a reduced neurotoxicity of the cultures by 55 and 80%, respectively, compared to IgG1 (immunoglobulin G 1 ) treated controls (Figure 1b) . Therefore, inhibition of TNF and CD95L activity can specifically block OGD/reperfusioninduced neuronal death.
CD95L and TNF synergistically promote cell death following brain ischemia
To examine the in vivo role of TNF and CD95L and their possible interaction in ischemic brain damage we used tnf 7/7 , gld, gld/tnf 7/7 , and wild-type mice (wt), all on C57BL/6 background. gld/tnf 7/7 mice showed no structural or morphological abnormalities of the brain as assessed by Nissl staining of coronal cryostat sections (data not shown).
wt, gld, tnf 7/7 and gld/tnf 7/7 mice underwent 90 min occlusion of the middle cerebral artery (MCA) and 24 h reperfusion. Physiological parameters such as blood pressure, blood pH, pO 2 , pCO 2 and glucose measured before, during and after MCA occlusion did not significantly differ between the different animal groups (data not shown).
The mean infarct volume exhibited by wt-animals was in good concordance with that obtained by other groups in similar models. 21, 28 Data from mice which did not exhibit an ischemic lesion (10% wt, 30% gld and 40% tnf 7/7 and gld/ tnf 7/7 mice) or from mice who died before the end of the 24 h observation period ( Figure 2a) were not included in the analyses of infarct volume.
In gld and tnf 7/7 mice the infarct volume was significantly reduced by about 54 and 67%, respectively, compared to wt mice (23.23+4.97 mm 3 , n=8, and 16.44+7.24 mm 3 , n=7, versus 54.66+6.32 mm 3 , n=9, respectively, both P50.01; Figure 2b) . Surprisingly, neuroprotection was greatly enhanced by the absence of both CD95L and TNF. gld/tnf 7/7 mice exhibited a mean infarct volume significantly smaller than wt animals (3.97+1.52 mm 3 , n=8; P50.0001; Figure 2b ). TNF and CD95L have an additive effect in infarct extension as assessed by two factorial variance analysis. The regional infarct distribution in the coronal plane was analyzed by averaging infarct areas (coronal section at bregma 72.3 mm). The resulting frequency density map reveals a relative sparing of the motor and somatosensory cortex and striatum in gld mice and a relative sparing of the entire adjacent neocortex, striatum and thalamus in tnf 7/7 mice (Figure 2c ). In gld/tnf 7/7 mice striatum, cortex and thalamus remain unaffected by the ischemic insult and damage is mainly restricted to the hippocampus ( Figure  2c ).
The spared areas in the tnf 7/7 and gld mice belong to the ischemic penumbra ± a region surrounding the necrotic core with diminished cerebral blood flow where neurons are at risk of undergoing apoptosis. In these areas TNF has been reported to be expressed in neurons. 13 With regard to CD95L we already showed expression of this protein in the ischemic penumbra in the rat. 14 Here we found that in wt mice subjected to 90 min MCA occlusion and 24 h reperfusion, CD95L is expressed in the regions surrounding the necrotic core but not in the corresponding regions in the contralateral hemisphere (Figure 2d ). Expression of CD95L was not detectable in the brains of sham-operated animals or in control stainings performed with isotype control IgG or without the first antibody, whereas it was found in tumors transfected with murine-CD95L and in the mouse thymus (data not shown).
CD95L and TNF mediate the recruitment of inflammatory cells following stroke
In vivo, cytokine production and adhesive events occur early following cerebral blood flow reduction. 29 TNF, produced by the ischemic parenchyma, contributes to the expression of cellular adhesion molecules of endothelial cells such as, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and endothelial-leukocyte adhesion molecule-1 (E-selectin); adhesion molecules facilitate the recruitment of inflammatory cells to the ischemic lesion. Similar chemotactic properties have been described for CD95L in tumors. 30, 31 These data prompted us to ask whether in addition to the death promoting role of CD95L and TNF following ischemia, these two molecules could contribute to the ischemic injury through the recruitment of inflammatory cells. To address this question in brain sections from wt, gld, tnf 7/7 and gld/tnf 7/7 mice (each n=3) that underwent focal ischemia (90 min MCA occlusion and 24 h reperfusion) the number of infiltrating granulocytes and lymphocytes was determined by immunoautoradiography ( Figure 3 ). Control stainings without first antibody or of brain sections from shamoperated animals were negative (data not shown). Quantitative analysis of autoradiograms standardized by infarcted volume, revealed a decreased granulocyte infiltration in tnf 7/7 and gld/tnf 7/7 mice ( Figure 3 ). The extent of lymphocyte infiltration was similar in wt, in gld and in tnf 7/7 animals and higher in gld/tnf 7/7 mice, possibly due to persistent survival rather than to increased infiltration ( Figure  3 ). These data confirm the chemotactic effect of TNF towards granulocytes following ischemia.
Treatment with anti-TNF and anti-CD95L antibodies reduces ischemic injury
To find out whether the data obtained from knockout animals can be the basis for therapy, we also investigated the effect of in vivo therapeutic neutralization of TNF and CD95L following focal ischemia in vivo. Wild type mice were i.p. injected with anti-TNF and anti-CD95L antibodies (50 mg each) 30 min after occlusion of MCA ± a time point which would reflect later time points in humans, since the basal metabolic rate in humans is lower than in rodents. 32 This led to a significant mice. (a) mortality within 24 h after occlusion of the middle cerebral artery (MCA) in wild-type (n=14), gld (n=17), tnf 7/7 (n=13), and gld/tnf 7/7 (n=15) mice. (b) Infarct volume after transient focal ischemia in wild-type (n=9), gld (n=8), tnf 7/7 (n=7), and gld/tnf 7/7 (n=8) mice. Animals were subjected to 90 min occlusion of the MCA and 24 h reperfusion as described. Cryostat coronal sections, 20 mm thick and 400 mm apart from each other were silverstained. The volume of infarction was determined by numeric integration of areas of marked pallor with section thickness. Data are presented as the means+S.E.M. Significance was determined by comparing gld, tnf 7/7 , and gld/tnf 7/7 mice to wild-type mice by using the Mann-Whitneys' U-test (P50.01, P50.01, and P50.0001, respectively). (c) Image analysis of the regional infarct frequencies of the coronal section at bregma 72.3 mm from wild-type, gld, tnf 7/7 , and gld/tnf 7/7 mice reveals a relative sparing of the motor and somatosensory cortex and striatum in gld mice and of the entire adjacent neocortex, striatum and thalamus in tnf 7/7 mice. In gld/tnf 7/7 mice the hippocampus was almost the only affected area. MCx, motor cortex; SSCx, somatosensory cortex; Hc, hippocampus; Th, thalamus; St, Striatum. (d) Immunohistochemical analysis for CD95L was performed in brain sections from wild-type subjected to 90 min MCA occlusion and 24 h reperfusion. CD95L was found in cells in the ischemic penumbra (isch) but not in the corresponding region in the contralateral hemisphere (co) reduction in the infarct volume by 70% in double treated compared to saline treated animals (18.04+4.87 mm 3 , n=5 in treated mice versus z50.66+6.32 mm 3 , n=9, P50.004; Figure 4a ). Inhibition of CD95L and TNF activities had an additive effect in reducing infarct volumes, as assessed by two factorial variance analysis. By contrast, separate inhibition of CD95L or TNF did not significantly reduce infarct volumes. In a second series of experiments was found that the injection of control IgG did not influence infarct volumes when compared to saline-treated animals (Figure 4a ). and gld/tnf 7/7 mice (each n=3) was quantified by autoimmunoradiography. Brain sections from brains subjected to focal ischemia (90 min MCA occlusion and 24 h reperfusion) were incubated with primary antisera against GR1 (for granulocytes) or CD3 (for lymphocytes). Stainings were revealed by autoradiography (representative autoradiography, lower panel). Inflammatory infiltrates in the ischemic hemisphere were quantified by measuring the area and the optical density (OD) of the infiltrates (upper panel) divided by the mean infarct volume of the examined animals. Data are presented as the means+S.E.M. (n=3) Figure 4 Infarct extension and inflammatory infiltrates of the ischemic brain are significantly reduced by anti-TNF and anti-CD95L antibodies. Wild-type animals subjected to 90 min MCA occlusion and 24 h reperfusion were i.p. treated 30 min after occlusion with saline (co; n=9), or with antibodies against TNF (aTNF), CD95L (aCD95L) or both (aTNF/CD95L) (n=10 each group) in a double blind manner. In a second series of experiments animals were either treated with saline (co2; n=9) or IgG (IgG; n=7). Animals who did not exhibit an infarct (27, 40, 40, 50 and 10% of co, aTNF, aCD95L and aTNF/CD95L and IgG, respectively) or died before the 24 h period (33, 10, 10, 30 and 20% of co, aTNF, aCD95L, co2 and IgG) were not included in the examination of infarct volumes. Cryostat brain coronal section from 20 mm thick, 400 mm apart from each other, were silver-stained. (a) The volume of infarction was determined by numeric integration of areas of marked pallor with section thickness. Data are presented as the means+S.E.M. Significance was determined by comparing saline-treated animals with the other groups by using the Mann-Whitney's test (*P50.004). (b) Image analysis of the regional infarct frequencies of the coronal section at bregma 72.3 mm from co, aTNF/CD95L and gld/tnf 7/7 mice reveals a relative sparing of the motor and somatosensory cortex and striatum in aTNF/CD95L-treated mice. MCx, motor cortex; SSCx, somatosensory cortex; Hc, hippocampus; Th, thalamus; St, Striatum. (c) The number of granulocytes and lymphocytes in the ischemic hemisphere were quantified by autoimmunoradiography. Brain sections from animals subjected to focal ischemia (90 min MCA occlusion and 24 h reperfusion) were incubated with primary antibodies against GR1 (for granulocytes) and CD3 (for lymphocytes). Stainings were revealed by autoradiography (representative autoradiography, right panel). Inflammatory infiltrates in the ischemic hemisphere were quantified by measuring the area and the optical density (OD) of the infiltrates (left panel) divided by the mean infarct volume of the examined animals. Data are presented as the means+S.E.M. (n=3)
The regional infarct distribution in the coronal plane of anti-TNF/CD95L-treated animals was analyzed by averaging infarct areas (at the coronal level bregma 72.3 mm).
The resulting frequency density map shows a sparing of the motor cortex, the lateral thalamic nuclei and the striatum (Figure 4b) . Also, in these animals, inflammatory infiltrates were nearly undetectable (Figure 4c) .
The functionality of rescued neurons was examined by testing the motor coordination of treated mice 3 days after reperfusion. Thus, anti-TNF and anti-CD95L antibodies (50 mg each) were injected twice i.p. 30 min and 24 h after occlusion of MCA. All mice in which focal ischemia was induced and that were not antibody-treated died before the end of the observation period (n=5), whereas mortality in the treated group (n=10) was only 30% (Figure 5a ). Six non-treated sham-operated animals (so-utr) and five anti-TNF/CD95L-treated mice which underwent 90 min occlusion of MCA and 3 day reperfusion were tested on a rotarod and on stationary rods. Retention times on the rotarod displayed by treated animals did not significantly differ from those exhibited by sham-operated animals ( Figure 5b ). Motor coordination on stationary rods paralleled these results (data not shown). Likewise, maintenance of axial balance, as assessed by the first swimming experience of the mice, was comparable in untreated sham-operated and stroketreated animals (data not shown). Even animals with low retention time on the rotarod exhibited unimpaired axial balance.
Discussion
In this study we report that TNF and CD95L additively contribute to ischemic damage, both by triggering ischemic cell death and by recruiting inflammatory cells to the site of the lesion. Moreover, the therapeutic neutralization of these ligands leads to preservation of neuron functionality and increased survival of the animals.
CD95-L and TNF additively induce ischemic brain damage
The protection provided by the absence of TNF disagrees with the report by Bruce et al. (1996) of an enhanced ischemic damage in mice lacking TNF-receptor-1 (TNF-R1; also called p55) or both TNF-R1 and TNF-R2 (also called p75). Something that might be due to the use of a different mouse strain (C57BL/66129) and a shorter occlusion time of 1 h by this group.
In previous studies we have shown that apoptotic cells in the penumbra are mostly neurons and express CD95L. 14 Here, we report that CD95L is also generated in the ischemic penumbra in the mouse (Figure 2 ). Expression of TNF mRNA and protein already occurs within 2 h after induction of ischemia 12, 13, 33, 34 and is followed by the expression of CD95L at 12 h. 14 CD95L expression may be induced by TNF, e.g. through transcription factors such as c-Jun or NFkB, 35, 36 like it has been described in human astrocytes. 37 Thus, these two ligands, TNF and CD95L might compliment each other in the induction of stroke damage. Nevertheless, the fact that neurons from gld/tnf 7/7 could not be cultured in vitro, indicate that these ligand might have other functions in neurons besides the triggering of the death program that should be elucidated in further studies.
The deleterious effect of the CD95 and the TNF system may indeed be related to effects not directed to neurons themselves but to other cells such as microglia, which would in turn produce killer chemokines, 38 or leucocytes. In support of this idea is recent work which shows that inhibition of caspase-1 induces long-lasting neuroprotection in cerebral ischemia by reducing apoptosis and proinflammatory cytokines. 39 Nevertheless, the decrease in cell death in vitro in primary neurons in the absence of a functional CD95 or TNF system suggests a harmful role of these systems, at least in part, directed to neurons. Besides, one could argue that the dramatic protection exhibited by gld/tnf 7/7 mice is due to a primary defect in the glia/neuron interaction arising from the mutation in the CD95L and the TNF ligands. This is excluded by the enhanced neuroprotection also achieved by the acute therapeutic neutralization of both CD95 and TNF systems in wild-type animals.
Analysis of infarct frequencies in the coronal plane in gld/tnf 7/7 mice (Figure 1c ) reveals that hippocampus was almost the only affected area. Hippocampus is the most vulnerable brain area following ischemia possibly due to its higher density of glutamate receptors. Prominent glutamate stimulation through the ischemic insult can favor severe excitotoxicity in which CD95 and TNF systems may play a minor role. 
CD95L and TNF promote inflammation in the ischemic brain
Ischemia-mediated breakdown of the blood-brain barrier (BBB) 40 ± 42 leads to the unique exposure of relatively sequestered CNS antigens to the peripheral circulation. This results in a deleterious immune response that enhances neuronal damage 43 and underlies the transition from ischemic to inflammatory injury. Among inflammatory cells, granulocytes invade the infarct and its boundary zone within hours with a peak at 24 h, whereas T cells start infiltrating the infarct region from day 1 onwards, with a peak around day 7. 44 Granulocyte infiltration is preceded by an increased expression of cytokine-induced neutrophil chemoattractant (CINC). 44 Accordingly, at 24 h after MCA occlusion, we detected inflammatory infiltration with a nearly exclusive participation of granulocytes in the ischemic hemisphere. This infiltration could be reduced in the absence of TNF and/or CD95L, consistent with the known chemotactic properties of these two ligands. 30, 31, 45 The recruitment of inflammatory cells to the site of the lesion, like the induction of ischemic neuronal death in vitro, was more effectively inhibited in the absence of TNF than in the absence of CD95L.
Strikingly, however, infarct volumes in tnf 7/7 and gld mice were not significantly different. This similar outcome might be explained by the additional ability of CD95L to activate the cytotoxic machinery of granulocytes. 30, 31 Thus, CD95L might enhance the induction of inflammatory damage by TNF in stroke.
Possible consequences for the treatment of stroke
Currently, neuroprotective strategies strive to maintain viability of ischemic neurons until reperfusion can be normally re-established. However, cerebral reperfusion is followed by destruction of microvasculature and subsequent inflammatory events. Therefore, protection towards both reperfusion damage and ischemic death emerges as the ideal therapy for stroke either in combination with thrombolytic therapy or alone if thrombolysis is precluded.
In the microcirculatory failure and the inflammatory events that follow reperfusion different effectors participate, such as the intercellular adhesion molecule-1 (ICAM-1) or CD18 (the beta2-integrin subunit on granulocytes and ligand for ICAM-1). The absence of ICAM-1 or CD18 mitigates stroke damage by improving microcirculation in the ischemic penumbra. 46, 47 Moreover, in ICAM-1 knockout animals, further granulocyte depletion enhances protection. 46 Interestingly, ICAM-1 expression in the ischemic brain is enhanced by TNF. 20 Early studies in a rabbit model of acute stroke indicated the potential of the combination of thrombolytic therapy with anti-ICAM-1 antibodies. 48 In comparison, neutralization of TNF and CD95L, not only attenuates reperfusion damage but also helps to maintain neuronal viability until reperfusion is achieved.
Apoptotic cell death and inflammation are also important components of the pathophysiology of other acute and chronic neurodegenerative diseases such as Parkinson's, Alzheimer's and Prion diseases, HIV encephalopathy, and multiple sclerosis. Therefore, the therapeutical neutralization of CD95L and TNF might have a more global application in acute neurodestruction as well as in chronic neurodegenerative diseases.
Materials and Methods
Cell culture and experimental treatment in vitro Primary neuronal cultures were prepared from day 15 to 17 fetal mice as previously described.
14 In brief, cortical neurons were obtained after trituration in MEM medium with 20% horse serum, 25 mM glucose and 2 mM L-glutamine (all from Gibco/Life Technologies, Scotland) following a 30 min digestion in 0.025 trypsin/saline solution. Cells were plated in 24 well plates coated with polyornithine (Sigma, Germany). After 4 days, cells were treated with cytosine-arabinoside (5 mM) for another 4 days to inhibit proliferation of non-neuronal cells. Thereafter, cell cultures were maintained in MEM, 10% horse serum, 5% fetal bovine serum, 25 mM glucose and 2 mM L-glutamine in a 8% CO 2 humidified incubator at 378C. Neurons were allowed to mature for at least 8 days in culture before being used for experiments. The proportion of glial cells in the cultures was less than 10%, as assessed by an antibody against glial-fibrillary-acidic protein (GFAP; data not shown).
Oxygen-glucose deprivation in vitro
Combined oxygen-glucose deprivation (OGD) was performed as previously described 25 with minor modifications. The culture medium was replaced with MEM, 1% horse serum and 2 mM L-glutamine. The cultures were kept in an anaerobic chamber for 6 h containing the gas mixture, 5% H 2 /90% N 2 /5% CO 2 , and GasPak Catalyst replacement charges (Becton Dickinson, Germany), maintained at 378C and 100% humidity. Combined oxygen-glucose deprivation was terminated by removal of the cultures from the chamber and adding horse and fetal bovine serum and glucose to a final concentration of 10%, 5% and 25 mM, respectively. The cultures were returned to a humidified incubator containing 8% CO 2 and atmospheric oxygen at 378C for another 3, 18 or 24 h. Human IgG1 (Sigma, Deisenhofen, Germany), CD95-Fc and TNF-R2-Fc (20 mg/ml each) were added to the culture medium 5 min prior to the induction of OGD.
Due to the impossibility to analyze cell death in primary neurons by forward side scatter analysis (FACS) the percentage of cell death was assessed by Trypan-blue exclusion and given as % of specific death. This was calculated as follows: % specific death assessed death À spontaneous death 100 À spontaneous death Â 100
Spontaneous cell death was of 12%+0.09 for neurons from tnf 
Ischemic animal model
In wild-type, gld, tnf 7/7 and gld/tnf 7/7 mice, all matched for age (mean 100 days) and weight (mean 24 g), focal cerebral ischemia was induced by occlusion of the middle cerebral artery (MCA) as described previously.
14 A surgical nylon thread was advanced from the lumen of the common carotid artery up to the anterior cerebral artery to block the origin of the MCA for 90 min. MCA blood flow was restored by withdrawing the nylon thread. Deep anesthesia was reached by Ketamin and Rompun (150 mg/kg body weight each). Animals were kept under anesthesia and rectal temperature was controlled at or near 378C with a Heating lamp throughout both the surgical procedure and the MCA occlusion period up to the time the animals recovered from anesthesia. A reduction of cerebral blood flow in the animals included in the study was indirectly confirmed by a reduction in the silver infarct staining intensity. 49 After different reperfusion periods animals were deeply reanesthetized and killed by decapitation. To obtain physiological parameters, the right femoral artery was cannulated under ongoing anesthesia, blood pressure continually recorded, and samples for blood gas and glucose analysis taken 15 min before, 1 h after begin and 30 min after the end of MCA occlusion. Mice gender varied due to the availability in our animal facilities. Infarct outcome was not influenced by the sex of the animal (data not shown). All mice were on a C57BL/6 background to avoid known differences in infarct susceptibility dependent on the mice strain. 50 For treatment experiments, anti-CD95L antibody (MFL3; Pharmingen, Germany) and anti-TNF antibody (V1q) 51 50 mg each, were either i.p. injected 30 min and 24 h after occlusion of the MCA in 12-weekold male C57BL/6 in a double blind manner. In a second series of experiments mice were i.p. treated with saline or control hamster IgG (Pharmingen).
Measurement of infarct extension
Mice were subjected to MCA filament occlusion for 90 min and reperfused for 24 h as described. The time point of 24 h was chosen for reasons of practicability (number of animals and amounts of purified proteins used) and because at this time the major damage has already taken place and infarct volumes do not significantly differ from those thereafter. Forebrains were cut and cryostat coronal sections 20 mm thick 400 mm apart from each other, were silver-stained. In brief, sections were impregnated with a silvernitrate/lithiumcarbonate solution for 2 min and developed with a hydrochinone/formaldehyde solution for 3 min. 49 Stained sections were directly scanned (MCID-M4, 3.0; Imaging res. Inc.). The volume of infarction was determined by numeric integration of the scanned areas of marked pallor corrected for brain edema x section thickness using digital planimetry. All data are given as mean+standard error of the mean. Significance was measured using the Mann-Whitney U-test. To generate infarct frequency distribution maps, 52 the respective sections of each series were scanned, infarcts delineated, and projected on a mask. Averaging was done with Scion Image b 3.b.
Immunohistochemical analysis of CD95L and TNF expression
Coronal cryostat sections (20 mm) from wild type mice that underwent 90 min MCA occlusion and 24 h reperfusion were processed for immunohistochemistry. Sections were incubated with a polyclonal antibody against CD95L (P62). 53 Immunoreactivity of CD95L protein was visualized by diaminobenzidine (Alexis, Germany). Neither CD95L nor TNF were detectable in the brains of sham-operated animals or in control stainings performed without the first antibody or isotype control IgG, whereas it was detectable in the mouse thymus and in sections from tumors transfected with murine-CD95L (data not shown).
Detection of in®ltration of in¯ammatory cells
Coronal cryostat sections (20 mm) from wt, gld, tnf 7/7 and gld/tnf 7/7 mice that underwent 90 min MCA occlusion and 24 h reperfusion were processed for immunoautoradiography. Sections were incubated for 24 h with a monoclonal antibody against GR1 (Ly-1, Pharmingen, Germany) or a monoclonal antibody against CD3 (Chemicon, USA). Thereafter, sections were incubated with a 125 I-labeled secondary antibody (Biotrend, Germany). Sections were exposed together with a [I 125 ] standard set on a Kodak MinR1 x-ray film for 21 days. Granulocyte or lymphocyte infiltration in the ischemic hemisphere was assessed by measuring the optical density and the area of the infiltrates with an image analyzing system (MCID, Imaging Research Inc., Ontario, Canada).
Motor coordination
Male C57BL/6 mice 12 ± 16-week-old were placed on a fixed horizontal wood rod or a plexiglass rod (1 cm diameter, 50 cm length, and 40 cm above ground), and the time the animal remained on the rod was measured. For the rotarod examination (Ugo Basile Biol. Res. App.), the mouse was placed on a gritted plastic roller, which was accelerated from 4 to 40 r.p.m. in 5 min. Retention times were recorded for 180 s.
